Abstract-The Method of Edge Currents (MEC) proposed in our previous paper [1] is applied herein for calculating the mutual external inductance associated with fringing magnetic fields that wrap ground planes of a stripline structure. This method employs a quasi-static approach, image theory, and direct magnetic field integration. The resultant mutual external inductance is frequency-independent. The approach has been applied to estimating mutual inductance for both symmetrical and asymmetrical stripline structures. Offset of the signal trace from the centered position both in horizontal and vertical directions is taken into account in asymmetrical structures. The results are compared with numerical simulations using the CST Microwave Studio Software.
INTRODUCTION
The Method of Edge Currents (MEC) was proposed in our previous paper [1] . This method employs a quasi-static (quasi-magnetostatic) approach, image theory, and direct magnetic field integration for calculating the mutual external inductance of a planar transmission line structure with ground planes of finite width. This inductance is of interest from electromagnetic immunity point of view, since it is a culprit of "ground plane noise", or a common-mode voltage, that appears on the reference plane due to fringing magnetic fields wrapping the plane, and drives unintentional "antennas" formed by parts of the electronic equipment [2] [3] [4] [5] [6] [7] [8] . This mutual external inductance associated with fringing magnetic fields wrapping the ground plane of a stripline structure is defined as the mutual inductance between the signal current loop and the common mode "antenna" current loop located either above the top ground plane, or beneath the bottom ground plane. In [1] , it was shown that when an infinitely wide ground plane is cut to a finite width, the residual surface current on the "tails" that are cut off may be redistributed on the edges of the ground plane of finite width, forming edge currents. The mutual external inductance of interest is determined by the magnetic fluxes produced by these edge currents. At the same time, the contributions to the magnetic flux by the currents from the signal trace and finitesize ground plane (or planes) completely compensate each other. The method of edge currents was applied and tested to estimating mutual inductance for symmetrical and asymmetrical microstrip lines [1] . Along with microstrip structures [9] [10] [11] [12] [13] [14] , there is an increasing interest to the analysis of stripline geometries, because of their applications for antenna and interconnect design [15] [16] [17] [18] [19] [20] . In the present paper, the method of edge currents is extended for symmetrical and asymmetrical stripline structures. So far, there are no publications on calculating this kind of mutual inductance for stripline geometries. However, recently a paper utilizing image theory together with a suitable quasi-static Green's function approach was published, and it contains analytical closed-form expressions for currents on the ground planes of stripline structures [21] .
Mutual external inductance associated with fringing magnetic fields in a stripline structure with a ground plane of finite size is considered herein using the assumptions similar to those applied to the microstrip case in [1] , so that the quasi-magnetostatic approach and image theory are applicable. The resultant per-unit-length inductance can be calculated, and it will be independent of frequency (though in the general case, when considering higher frequencies and radiation from the structure, it will be frequency-dependent).
A stripline, as compared to a microstrip structure, is almost completely shielded, and the electromagnetic field is much better contained in the stripline structure than in the microstrip. There is almost no field at the edges of the stripline, if the width of the ground planes is w g ≥ w s + α(h 1 + h 2 ), where h 1 and h 2 are the distances from the trace to the bottom and top ground planes, respectively, w s is the width of the trace, and the coefficient 2 ≤ α ≤ 3 [22] . However, when the width of the ground plane is small (e.g., w g /h < 7 in a symmetrical stripline with h = h 1 = h 2 ), then the fringing fields are of importance.
A quasistatic approach for a stripline is valid, if only the TEM mode propagates in the line. This happens, if the cross-sectional sizes are much smaller than the wavelength in the transmission line. The higher-order modes in a stripline do not propagate, if the equivalent width of a signal strip is smaller than half of the wavelength in the dielectric of the stripline (w s eqv < λ diel /2), and also if the distance between the ground planes is h 1 + h 2 < λ diel /2. If these two conditions are satisfied at the maximum operating frequency, then this is a single-mode transmission line. The equivalent width of the strip w s eqv = w s + ∆w s is greater than the geometrical width w s due to the edge effect. The increment of the strip width can be calculated approximately as [22] 
where t is the thickness of the signal trace. For very thin traces (t h 1 + h 2 ), the effective increment of the width of the trace is ∆w s ≈ 0.45(h 1 + h 2 ) + 1.1 · t [22] .
MODEL OF MUTUAL EXTERNAL INDUCTANCE

Symmetrical Stripline Geometry
The edge currents in the stripline case are found analogous to the microstrip case, but since there are now two ground planes, there are multiple image sources at z = (2n − 1)h, n ∈ (integer), as shown in Figure 1 .
First assume that the signal trace is a thin filament, and, correspondingly, all of the image sources are thin filaments, too. Later we will consider the case of a signal trace of finite width as well. Because of the images from the infinite ground planes, the currents have alternating signs, as is shown in Figure 1 . The static magnetic field produced by any source placed at z = (2n − 1)h has the following y-component at any point along the plane (y, 0),
Fields from symmetrical sources are doubled, so the total y-component of the magnetic field at the point (y, 0) is The edge current source to be placed at the point y = w g /2 is then found from
It can be shown that the limit in (5) is
Then, the resultant edge current in a symmetrical stripline case with a filamentary signal trace is
The same result can be obtained from the current balance equation and analogy with the microstrip case. In the stripline, an edge current (7) is half that of the microstrip case (6) , and this is intuitively clear because of the symmetry. Calculation of the edge currents is more complicated, if the signal trace is of finite width w s . Assume that the current density across the signal trace of the width w s is distributed evenly, even though this is an approximation [21] ,
According to the image principle, there is a set of distributed currents of alternating signs, and the magnetic field produced by these currents at any point y on the ground planes is
Then, from the boundary conditions on the perfect electric conductors of the ground planes, the induced current density on each ground plane is
The edge currents in the symmetrical stripline are all equal, and they are found by the integration
The current balance must fulfill
where the total current on each ground plane is
Now consider magnetic fluxes. Assume that the structure is translationally invariant along the x-axis, as is shown in Figure 2 . The per-unit-length magnetic flux is found by integrating along z = (−∞, −R), where R is the radius of the rounded edges of the ground planes (d = 2R is the thickness of a ground plane). If ground planes of the stripline are infinitely wide, there is no fringing magnetic field, and there is no magnetic flux outside the stripline structure,
where Ψ bot ∞ and Ψ top ∞ are fluxes produced by infinite bottom and top ground planes, respectively.
At the same time, these fluxes are comprised of fluxes of the finite ground planes and fluxes by the cut-off current "tails",
On the other hand, if the concept of edge currents is used, the total fringing magnetic field flux above the structure ("up") and below the structure ("down") is
where
and the notations of the edges are as in Figure 2 . In the symmetrical case, all the fluxes by the edge currents are the same. Then, as follows from (14)- (17),
Herein, consider only the mutual external inductance associated with the flux Ψ down under the bottom ground plane. The flux Ψ up is in the upper part of space above the top ground plane, and the corresponding mutual inductance may be considered in the similar way. If the "tail currents" had not been cut off, they would have produced the fluxes
If the edge-current distribution on the rounded edges with radius R is introduced, then the method of calculating fluxes from the edges is the same as described for a microstrip line in [1, see Equations (32)-
and
Then the corresponding edge fluxes are
The results of computations of the external mutual inductance in a symmetrical stripline as a function of the ratio w g /h are presented in Figure 3 . The results are obtained using the method of edge currents, as well as the CST Microwave Studio (CST MWS) software. The agreement is comparatively good for w g /h < 10. Computations show that the "tail" current fluxes are negligible compared to the edge current fluxes, similar to the microstrip case, so only the edge currents may be taken into account.
Asymmetrical Stripline Geometry
A stripline with both horizontal and vertical offsets of the signal trace from the center is shown in Figure 4 . The total y-component of magnetic field along the surface of the bottom and top ground planes (z = 0 and z = 2h) are the same, if the distance from the trace to both ground planes is the same. In the general case, h 1 = h 2 , where h 1 is the distance from the strip to the lower ground plane, h 2 is the distance to the upper ground plane, and h 1 + h 2 = 2h.
For the sake of simplicity, assume that there is a filament signal trace with current I S . Let us first consider the magnetic field on the bottom ground plane. According to the image principle, the currents contributing to the magnetic field on the bottom plane are −I S at height h 1 , +I S at height h 1 + 2h 2 , −I S at height 3h 1 + 2h 2 , +I S at height 3h 1 + 4h 2 , −I S at height 5h 1 + 4h 2 , etc. Using mathematical induction, the y-component of the total magnetic field on the bottom ground plane is
where s is a horizontal offset of the signal trace (along y-coordinate).
The y-component of the magnetic field on the top ground plane can be derived analogously, though for the top plane, the heights h 1 and h 2 are interchanged as compared to (23). Then,
Introducing the following notations
(23) and (24) can be written in a more compact form as
It should be mentioned that the series in (26) contain alternatingsign terms. Such series are known to be slowly convergent. In practical computations, it might be necessary to take at least 10 8 terms in each series to assure the convergence. However, combining terms in these series as
dramatically improves convergence and speed of computations. Using Maple 10 software, it is possible to get summation up to infinity. The edge currents on the bottom and on the top planes are
Now consider the case when the signal trace is of finite width w s , and there is a uniform current density across the strip, J S = I S /w s .
Then the values of the magnetic field (and the corresponding current densities) on the bottom and the top ground planes are
It is important that the current balance
is always fulfilled. The currents on the finite-width ground planes are calculated as 
The fluxes from the "tail currents" on the ground planes are calculated as
In (31), R = d/2 is the half of the ground plane thickness. When the edge-current distribution on the rounded edges is introduced as J edge i = ∆I i /(πR), i = 1 . . . 4, the magnetic fields associated with the fluxes from the edges are calculated similar to (20) and (21),
Then the corresponding fluxes are calculated as in (22) . The results of the computations for a stripline geometry with an offset of the signal strip are presented in Figures 5 and 6 . Figure 5 shows the mutual inductance as a function of an offset of a signal trace from the center in the horizontal plane s/w g . The signal trace is equidistant from the ground planes (h 1 = h 2 = h/2). There is an increase of the mutual inductance as the trace is shifted to the edge of the stripline. The mutual inductance is higher, when the ground plane width is narrower. However, when the ground plane is wide, the increase in the mutual inductance is more abrupt, when the trace becomes closer to the edge. There is only some decrease of mutual inductance, when the signal trace is shifted in the vertical direction from the center, as is shown in Figure 6 . The effect is stronger when the ground planes are narrower. When ground planes are comparatively wide (at least, w g /(h 1 + h 2 ) > 1), there is not much difference whether a signal trace is centered vertically or not. Computations using Maple 10 show that the closer the signal trace to a ground plane, the higher is the magnitude of the current density on this ground plane, as is seen from Figures 7 and 8 . However, the "tail" current density outside the region (−w g /2, w g /2) is almost independent of the vertical position of the trace, if the trace is centered in horizontal plane (s = 0). This is the reason why the vertical offset only does not affect the external mutual inductance.
However, if there is also the horizontal offset of the signal trace, the variation of mutual inductance is substantial. Our computations are consistent with those obtained in [21] . Figure 7 shows the combined effect of both offsets -vertical and horizontal, at the fixed (w g = 10 mm) widths of the ground planes. Mutual inductance as a function of relative horizontal offset increases exponentially as s/w g → 0.5. Some slight increase in mutual inductance due to the vertical offset of the signal trace can be seen.
CONCLUSIONS
A method of edge currents proposed in [1] , is applied herein for calculating the mutual inductance associated with fringing magnetic fields in symmetrical and asymmetrical stripline structures (with the signal trace offset from the center both in the horizontal and vertical directions). This method employs a quasi-static approach, image theory, superposition, and a direct magnetic field integration technique. The residue surface ground-plane currents on the tails that are cut off are redistributed on the edges of the ground planes of finite thickness. At zero ground plane thickness, these edge currents shrink to filamentary. The mutual external inductance is determined mainly by the magnetic fluxes produced by these edge currents. For a stripline geometry, there is a good agreement with full-wave numerical simulations using CST Microwave Studio. The presented approach may be also used for the analysis of multiconductor planar transmission lines, since it is based on the superposition principle.
The practically important conclusion is the following. In a stripline geometry, there is no much increase in the external ground plane inductance, until the signal trace is shifted at the position of approximately s/w g < 0.4 from the edge. This means that if the signal trace should not be closer than 10% of the ground plane width. These values are the general and approximate recommendations for a designer. However, mutual ground plane inductance should be evaluated for every particular case, since it depends on the offset of the signal trace from the center (both horizontal and vertical in the stripline geometry), on the width of the ground plane, height of the transmission line, width of the trace, and the thickness of the ground planes. The presented Method of Edge Currents gives the upper limit of the possible mutual inductance associated with fringing magnetic fields, so, for a benefit of a designer, practical edge values of mutual inductance should be below values calculated using the presented method.
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